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Abstract
According to the EU Directive 2010/63, the severity of a procedure has to be classified as
mild, moderate or severe. General anesthesia is thought to be mild, but the Directive does
not differentiate between single and repeated anesthesia. Therefore, we investigated the
impact of repeated administration of isoflurane, the most commonly used inhalation anes-
thetic, on the well-being of adult C57BL/6JRj mice, in comparison to single administrations
and to untreated animals, when applied six times for 45 min at an interval of 3–4 days. For
the animals anesthetized, excitations, phases of anesthesia, and vital parameters were
monitored. Well-being after anesthesia was assessed using a behavioral test battery includ-
ing luxury behavior like burrowing and nest building behavior, the Mouse Grimace Scale
(MGS), the free exploratory paradigm for anxiety-related behavior, home cage activity and
the rotarod test for activity, as well as food intake and body weight. Additionally, hair cortico-
sterone and fecal corticosterone metabolites were measured. Our results show that nest
building behavior, home cage activity, body weight, and corticosterone concentrations were
not influenced by anesthesia, whereas changes in burrowing behavior, the MGS, food
intake, and the free exploratory behavior indicated that the well-being of the mice was more
affected by repeated than single isoflurane anesthesia. This effect depended on the sex of
the animals, with female mice being more susceptible than male mice. However, repeated
isoflurane anesthesia caused only short-term mild distress and impairment of well-being,
mainly in the immediate postanesthetic period. Well-being stabilized at 8 days after the last
anesthesia, at the latest. Therefore, we conclude that when using our anesthesia protocol,
the severity of both single and repeated isoflurane anesthesia in C57BL/6JRj mice can be
classified as mild. However, within the mild severity category, repeated isoflurane anesthe-
sia ranks higher than single isoflurane anesthesia. Additionally, our results imply that male
and female mice can differently perceive the severity of a procedure.
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Introduction
In laboratory animal science, the most commonly used inhalation anesthetic in rodents is iso-
flurane [1]. Its use has increased over the last years [2] because of its quick on- and offset of
anesthesia and low metabolism rate [3]. Isoflurane causes moderate respiratory and cardiovas-
cular system depression, but maintains better cardiac function than the combination of keta-
mine and xylazine [3]. However, apart from these advantages, isoflurane was also found to
cause reversible deficits in object recognition memory [4], impaired learning function in the
cued fear conditioning, and higher anxiety-related behavior in the elevated plus maze in mice
in the postanesthetic period [5]. Rabbits even have periods of apnea during the induction of
anesthesia with isoflurane indicating a high aversion towards this inhalant agent [6]. In mice
and rats, repeated administration of isoflurane is more aversive than a single administration
[7]. Additionally, general anesthesia in rodents is often associated with several side effects, e.g.
the disturbance of the circadian rhythm [8] as well as hypothermia and hypoglycemia [9],
which can negatively influence the recovery period.
Isoflurane anesthesia is repeatedly performed in studies using imaging techniques for
small animal models [10]. In order to apply imaging techniques correctly and to gain the
optimum results, animals need to be immobilized by using general anesthesia [11]. Imaging
techniques are non-invasive and contribute to reducing the number of animals for an experi-
ment, since several experiments are conducted using a single animal. Instead of euthanizing
an animal at each time point of the study, an animal can be examined several times in its life
in order to control the progress of diseases like stroke, tumor growth, bone healing, epilepto-
genesis or neurodegenerative disorders. Therefore, imaging techniques are a great benefit for
reduction and refinement. However, in terms of the 3R-principle the benefit of the repeated
use of an animal only becomes obvious, when the total amount of pain, distress or harm does
not exceed the severity degree of pain, distress or harm of each single manipulation. Hence,
with regard to the EU Directive 2010/63 [12], this needs to be evaluated for every test strategy
that shall be applied in an animal. The Directive implies to fully apply the 3-R-principle of
Russel and Burch [13], i.e. not only to replace animal experiments, but also to reduce the
number of animals and to refine animal experiments, whenever they are necessary. More-
over, the severity of a procedure has to be classified as mild, moderate or severe. According
to Annex VIII of the EU Directive 2010/63, general anesthesia is considered as mild, though,
the Directive does not distinguish between a single and repeated anesthesia. However, in
fact, it is unknown whether repeated anesthesia affects well-being in the same way as single
anesthesia. We hypothesized that repeated anesthesia may enhance the behavioral and phar-
macological effects of isoflurane in laboratory animals and, subsequently, causes additional
distress for the animal.
In order to test our hypothesis, we investigated the effects of repeated compared to single
isoflurane anesthesia on the well-being of mice. Based on this, we assessed the severity category
of repeated isoflurane anesthesia. We chose C57BL/6JRj mice, since they are widely used in
research studies [14], and examined both sexes.
In the present study, mice were anesthetized six times for 45 min at an interval of 3–4 days
over 3 weeks according to Albrecht et al. [15, 16], which is equivalent to anesthesia protocols
performed in imaging studies. Although surgical tolerance is not a mandatory prerequisite for
imaging techniques, we induced surgical tolerance, so that the results can also be transferred
to studies including repeated minor invasive manipulations like blood or tissue sampling [17].
Well-being was assessed by a broad behavioral test battery in the postanesthetic period and
non-invasive analysis of the adrenocortical activity.
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Methods
Ethics statement
The study at hand was performed according to the guidelines of the German Animal Welfare
Act and was approved by the Berlin State Authority (“Landesamt fu¨r Gesundheit und
Soziales”, permit number: G0053/15). A sample size calculation was performed to determine
the number of animals to be used. Experimental methods were refined by closely monitoring
the animals after anesthesia. The duration of single housing to measure specific parameters,
i.e. nest building behavior, home cage activity, food intake, and fecal corticosterone metabo-
lites (FCM), was kept to a minimum.
Animals and handling methods
A total number of 32 adult female and 33 adult male C57BL/6JRj mice at the age of 11–13
weeks obtained from Janvier Labs (Saint-Berthevin Cedex, France) were used. The mice were
randomly assigned to the 6 study groups: control ♀ (n = 6), control ♂ (n = 7), single anesthesia
♀ (n = 13), single anesthesia ♂ (n = 13), repeated anesthesia ♀ (n = 13), repeated anesthesia ♂
(n = 13). Female mice were group-housed with 3–5 mice in Makrolon type IV cages (55 ×
33 × 20 cm). Male mice had to be single-housed in Makrolon type III cages (42 × 26 × 15 cm)
with the beginning of the experiments due to aggressive behavior against conspecifics. The
cages contained fine wooden bedding material (LIGNOCEL1 3–4 S, J. Rettenmaier & So¨hne
GmbH + Co. KG, Rosenberg, Germany). A red plastic house, tunnels, and nestlets (Ancare,
UK agents, Lillico) were provided as cage enrichment. The animals were maintained under
standard conditions (room temperature 22 ± 2˚C; relative humidity 55 ± 10%) on a light:dark
cycle of 12:12 hours of artificial light with a 5 min twilight transition phase (lights on from 6:00
a.m. to 6:00 p.m.). The mice were fed pelleted mouse diet (Ssniff rat/mouse maintenance, Spe-
zialdia¨ten GmbH, Soest, Germany) and had free access to tap water.
In order to prevent the impact of distress caused by male persons, both animal care atten-
dant and veterinarian were female [18]. The same veterinarian performed all experiments. A
week before the experiments started, the mice were habituated to handling by using combined
tunnel and cup handling. The mice were carefully caught in a tunnel belonging to the standard
enrichment and then transferred to the experimenter’s hands. This method is known to cause
less anxiety in mice than picking up the mice by the tail [19].
Test schedule
The test schedule is outlined in Fig 1. At the beginning of the experiment, photos for the base-
line Mouse Grimace Scale (MGS) score were taken and samples for baseline values of FCM as
well as hair corticosterone were collected.
Anesthesia was performed as follows: mice of the group with single anesthesia were anes-
thetized once for 45 min, mice of the group with repeated anesthesia were anesthetized 6 times
for 45 min at an interval of 3–4 days over a period of 3 weeks, and control mice did not receive
any anesthesia.
During the induction and after the cut-off of narcosis, the loss and regain of reflexes were
observed in order to determine the phases of anesthesia. During anesthesia, vital parameters
(i.e. heart rate, oxygen saturation, and respiratory rate) were carefully monitored. After anes-
thesia, the mice were directly transferred to a custom-made box and their behavior was moni-
tored for 20 min. Photographs of the mouse faces for applying the MGS were taken 30 min
after the last anesthesia. 150 min after awakening another photo was taken. In the meantime,
burrowing behavior was tested for 2 h. Then all mice were transferred into a (new) Makrolon
Repeated isoflurane anesthesia in mice and distress
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type III cage and single-housed for a period of 24 hours in order to evaluate nest building
behavior, to measure food intake, and to collect fecal samples for FCM analysis. Moreover,
home cage activity was recorded for 12 h during the dark period. In order to observe a change
in anxiety-related and exploratory behavior over time, the free exploratory paradigm was per-
formed at 1 day and 8 days after the last anesthesia. The rotarod test for motor coordination
and balance was conducted at 2 days after last anesthesia. Hair samples for corticosterone
Fig 1. Flow chart of the test schedule. + Number [n] of rearings, number [n] of grooming episodes, duration
of resting [s], duration of activity [s], duration of food intake [s], and the latency to first food intake [s] were
observed during the recovery period.
https://doi.org/10.1371/journal.pone.0179588.g001
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measurement were collected at the beginning and at the end of the study, when hair had
regrown. Mice were regularly weighted over the whole study period.
Anesthesia
Anesthesia was induced with 4% isoflurane (Isofluran CP1, CP-Pharma Handelsgesellschaft
mbH, Burgdorf, Germany) in 100% oxygen in an anesthetic chamber (with sliding cover, Evo-
nik Plexiglas, 240 × 140 × 120 mm), which was not prefilled in order to prevent distress. Dur-
ing induction, the number of mice showing excitations was recorded.
Anesthesia was divided in five anesthetic stages [15]: 1) Induction started when isoflurane
was turned on and ended with the loss of righting reflex. 2) Non-surgical-tolerance was
defined as the time from loss of righting reflex to loss of pedal withdrawal and lid reflex. 3) Sur-
gical tolerance began with the loss of all reflexes tested and ended when isoflurane administra-
tion was terminated after 45 min. 4) Then the wake-up period followed and ended after the
first forward movement. 5) Recovery period was defined as the time from the first forward
movement until 20 min after anesthesia.
In order to test the loss of righting reflex, the anesthetic chamber was tipped over. After
loosing their righting reflex, the mice were laid in abdominal position on a heating pad and
anesthesia was maintained with 1.75–2.5% isoflurane in 100% oxygen via nose cone for 45
min. Artificial tears (Artelac1 Splash MDO1, Bausch & Lomb GmbH, Berlin, Germany)
were administered to both eyes to prevent the eyes from drying out. When pedal withdrawal
and lid reflex were lost, all reflexes were regularly tested. 45 min after induction, isoflurane
administration was terminated and the latency to forwards movement, the number of mice
showing excitations and/or opisthotonus during wake-up period and mice showing twitches
(skin fasciculation) during recovery period were observed.
During anesthesia, vital parameters (respiratory rate, heart rate, and oxygen saturation)
were controlled every 10 min. Respiratory rate was counted for 15 sec and then calculated for
1 min [breathes per min]. A pulse oximeter (MouseOx, STARR Life Sciences1 Corp., Oak-
mont, PA, USA), attached to the shaved left hind leg, was used to measure heart rate [beats per
min] and oxygen saturation [%].
Recovery period
The mice were video-recorded for 20 min after the first forward movement in the custom-
made photography cube. Number [n] of rearings, number [n] of grooming episodes, duration
of resting [s], duration of activity [s], and duration of food intake [s] were analyzed with etho-
logical analyses software (Etholog version 2.2.5; Ottoni 1999). Furthermore, the latency to the
first food intake [s] was noted. Activity comprised forward movement and sniffing behavior.
Grooming behavior was defined as self-grooming including paw licking, nose and face wash,
head wash, body wash and fur licking, leg licking, and tail/genitals licking and wash [20].
Mouse Grimace Scale (MGS)
The MGS was originally developed to assess pain [21]. However, besides pain, stress has also
an impact on the MGS [21] and, moreover, positive emotions are indicated by facial expres-
sions [22]. Thus, in the present study, the MGS served as a tool to assess distress. Scores were
obtained by photographs taken in a custom-made box used as photography cube (with three
white and one clear wall, 22 × 29 × 39 cm, 0.5 cm bedding material) at 2 days before the first
anesthesia (baseline), 30 min after the last anesthesia and 150 min after the last anesthesia. For
photography, a high definition camera (Canon EOS 350D, Canon Inc., Tokyo, Japan) was
used.
Repeated isoflurane anesthesia in mice and distress
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The photograph was cropped to display only the head of the mouse so that the body posi-
tion was not visible [21]. According to Langford et al. [21], five facial action units, i.e. orbital
tightening, nose bulge, cheek bulge, ear position, and whisker change, were scored on a scale
from 0 to 2 (0 = not present, 1 = moderately present, 2 = obviously present).
Three blinded persons independently analyzed the photographs. For each scorer, the mean
of the five facial action units was calculated. Then the MGS difference score was calculated
between the baseline MGS score and the mean of MGS score at 30 min and 150 min after last
anesthesia, respectively [21]. As the MGS difference scores did not significantly differ between
the three observers, the MGS difference score of each mouse was averaged to be used for fur-
ther statistics.
Luxury behavior
Luxury behavior like burrowing and nest building behavior are only present when important
needs of the mice are met and, thus, can serve as indicators of well-being [23].
Burrowing behavior. The test was modified according to Jirkof et al. [24]. A standard
opaque plastic water bottle (250 ml, 150 mm length, 55 mm diameter, 45 mm diameter of bot-
tle neck) was filled with 140 ± 2 g food pellets normally supplied as diet and placed parallel to
the back wall of the photography cube. After 2 h, when the test ended, the food pellets [g]
removed from the bottle by the mice were weighted.
Nest building behavior. The nests were scored by using a modified protocol developed
by Deacon [25]. A nestlet (Ancare, Bellmore, NY, USA; UK agent: Lillico, Betchworth, UK)
with an exact weight of 2.0 g was placed in the middle of the cage (Makrolon type III, 420 × 260
× 150 mm) bedded with 0.5 cm height of bedding material. In order to reduce distress caused
by a new environment, used bedding material without feces from the home cage was scattered
on top of the new bedding. No further environmental enrichment items were provided.
2 h after the light was turned on, the nests were assessed on a 5-point scale (1 = more than
90% of the nestlet intact; 2 = 50–90% intact; 3 = 50–90% shredded; 4 = more than 90% shred-
ded but flat nest, less than 50% of its circumference is higher than mouse body height when
curled up; 5 = more than 90% shredded and high nest, more than 50% of its circumference is
higher than mouse body height when curled up) [25]. Any untorn nestlet pieces, defined as
approximately 0.1 g, were weighted.
Home cage activity
Home cage activity was evaluated by InfraMot (TSE systems, Bad Homburg Germany) during
the dark period for 12 hours (6:00 p.m. to 6:00 a.m.). An infrared sensor was mounted on the
top of the gridded cage top and recorded the number of impulses per minute. For analysis,
impulse intervals of 10 min were used and the area under the time curve (AUC) [impulses/(10
min)] was calculated.
Free exploratory paradigm
The free exploratory paradigm is a test to investigate trait anxiety-related behavior [26]. The gri-
dded cage top was placed in the cage at an angle of 45˚ to the longer side of the home cage. Then,
the latency to first exploration [s] (with all four paws on the lid) within 10 min was observed.
Rotarod test
An accelerating rotarod was used to evaluate motor coordination and balance. The mice
were placed on the rotating drum at a speed of 4 rounds per minute. The speed of the rotarod
Repeated isoflurane anesthesia in mice and distress
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accelerated to 40 rounds per minute. The latency [s] to loose balance and fall off the rotating
drum was measured. Some mice held on and rode around the rotarod a few times before
they lost their balance. For those mice, the time until they finally fell off the rotarod was
recorded. Mice performed 4 trials at 2 days after the last anesthesia, with a maximum of 300 s
and 30-min intertrial rest intervals [5, 27]. Trial 1–3 served as training and trial 4 as the test
trial.
Food intake and body weight
Food intake of the standard food diet [g] was manually measured over a period of 24 hours.
Since tiny pieces of food pellets may fall through the gridded cage top, the cage side beneath
the food unit was carefully scanned.
The body weight [g] was regularly controlled over the experimental period. For analysis,
the body weight of day 0, day 2, day 9, and day 14 after last anesthesia was used.
Corticosterone
FCM with a 5α-3β,11β-diol structure in feces and hair corticosterone were measured since the
sampling techniques are non-invasive. In our study, FCM indicate acute stress during the
24-hour postanesthetic period and hair corticosterone may reflect chronic stress. Since there
are differences in baseline values, for each mouse the percentage change [%] relative to base-
line was calculated.
FCM. The mice were single-housed for a period of 24 hours. In order to prevent distress
due to a new cage, used bedding material without feces from their home cage was scattered on
top of the new bedding. All dry fecal pellets were collected from the cages by using forceps.
Wet pellets contaminated with urine were eliminated.
FCM were extracted from the 24-hour-bulk samples in accordance to Palme et al. [28].
Briefly, fecal samples were dried at a temperature of 60–70˚C and then homogenized by a mor-
tar. An aliquot of 0.05 g was shaken with 1 ml of 80% methanol for 30 min on a multi-vortex.
After centrifugation (2500 x g, 15 min), 0.5 ml of supernatant was pipetted in an Eppendorf
cup. Before and after extraction, the samples were stored at –80˚C. The samples were analyzed
for corticosterone metabolites using a 5α-pregnane-3b,11b,21-triol-20-one enzyme immuno-
assay as described and validated for mice by Touma et al. [29, 30].
Hair corticosterone. Hair was cut off with an electric shaver for small animals (Aesculap
Isis GT 420, Suhl, Germany). Hair corticosterone [pg/mg] was analyzed by liquid chromatog-
raphy-mass spectrometry in the laboratory of Prof. Kirschbaum, Department of Psychology,
Technische Universita¨t Dresden, Germany, as described previously [31].
Statistical analysis
Statistical analysis was performed with IBM SPSS Version 23 (IBM Corporation, Armonk, NY,
USA). Explorative data analysis and tests for normality were performed for each parameter.
First, differences between female groups (control, single anesthesia, repeated anesthesia), sec-
ondly, differences between male groups (control, single anesthesia, repeated anesthesia), and,
thirdly, sex differences (female versus male control, female versus male single anesthesia,
female versus male repeated anesthesia) were analyzed using the respective test indicated in
the result section.
In all tests, differences were considered significant at p< 0.05. In tables, data are presented
as mean ± standard deviation, in graphs data are presented as mean ± standard error.
Repeated isoflurane anesthesia in mice and distress
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Results
Anesthesia
Phases of anesthesia. In female (U (13, 13) = 154.000, p < 0.001) and male (U (13, 13) =
146.000, p = 0.001) mice, repeated anesthesia significantly prolonged the duration of induction
(Table 1). In addition, in female mice, repeated anesthesia prolonged the duration of non-sur-
gical tolerance (U (13, 13) = 161.000, p< 0.001) and shortened the duration of surgical toler-
ance (U (13, 13) = 1.000, p< 0.001) versus a single anesthesia (Table 1).
Sex differences in mice with a single anesthesia were observed regarding the duration of
non-surgical tolerance (U (13, 13) = 143.500, p = 0.002) and surgical tolerance (U (13, 13) =
27.000, p = 0.002) (Table 1). Non-surgical tolerance was significantly shorter and surgical toler-
ance significantly longer in female mice exposed to single anesthesia. In mice with repeated
anesthesia, surgical tolerance was significantly shorter in female than in male mice (U (13, 13) =
132.000, p = 0.014).
Excitations, opisthotonus, and twitches. In female and male mice, repeated anesthesia
increased excitations, versus a single anesthesia, during induction (female mice: Chi2 (1) = 7.8,
p = 0.005; male mice: Chi2 (1) = 4.887, p = 0.027) but not during the wake-up period (female
mice: Chi2 (1) = 0.377, p = 0.539; male mice: Chi2 (1) = 1.04, p = 0.308) (Table 2). Running
excitement, a high muscle tonus of the tail, and movements of the tail were observed and
defined as excitations. Opisthotonus (female mice: Chi2 (1) = 1.182, p = 0.277); male mice:
Table 1. Phases of anesthesia.
Group Induction [s] Non-surgical tolerance [s] Surgical tolerance [s] Wake-up period [s]
Single anesthesia ♀ (n = 13) 92.62 ± 20.13 107 ± 15.57## 2500.38 ± 30.17## 150.15 ± 98.99
Repeated anesthesia ♀ (n = 13) 117.15 ± 8.07*** 173.38 ± 50.21*** 2431.00 ± 21.36***, # 105.38 ± 79.96
Single anesthesia♂ (n = 13) 100.85 ± 15.09 154.77 ± 37.25 2444.38 ± 47.06 126.31 ± 63.46
Repeated anesthesia♂ (n = 13) 117.38 ± 12.97** 151.46 ± 42.69 2452.69 ± 22.04 89.15 ± 72.04
Data are given as mean ± standard deviation. p values were calculated using Mann-Whitney-U-Test
** p < 0.01
*** p < 0.001 versus a single anesthesia
# p < 0.05
## p < 0.01 versus ♂.
https://doi.org/10.1371/journal.pone.0179588.t001
Table 2. Number of mice showing excitations, opisthotonus, and twitches.
Group Induction Wake-up perriod Recovery period
Excitation Excitation Opisthotonus Twitches
Single anesthesia ♀
(n = 13)
7 2 3 3
Repeated anesthesia ♀
(n = 13)
13** 1 1 2
Single anesthesia♂
(n = 13)
7 0 2 1
Repeated anesthesia♂
(n = 13)
12* 1 0 1
Data are number of mice. p values were calculated using Chi-Square-Test
* p < 0.05
** p < 0.01 versus single anesthesia.
https://doi.org/10.1371/journal.pone.0179588.t002
Repeated isoflurane anesthesia in mice and distress
PLOS ONE | https://doi.org/10.1371/journal.pone.0179588 June 15, 2017 8 / 21
Chi2 (1) = 2.167; p = 0.141) only occurred during the wake-up period and twitches (female
mice: Chi2 (1) = 0.248, p = 0.619; male mice: Chi2 (1) = 0, p = 1) during the recovery period.
The frequency of opisthotonus and twitches did not differ between the groups. No sex differ-
ences were found.
Vital parameters. The mean ± standard deviation were calculated from all four measure-
ments of heart rate, oxygen saturation, and respiratory rate (Table 3). In female (t (20) = –
2.687, p = 0.014) and male mice (t (21) = –3.595, p = 0.002), repeated anesthesia significantly
increased heart rate, versus a single anesthesia. In both sexes, oxygen saturation (female mice: t
(20) = 0.621, p = 0.542; male mice: t (21) = –0.053, p = 0.958) and respiratory rate (female
mice: t (20) = –1.211, p = 0.240; male mice: t (21) = –2.000, p = 0.59) did not differ between
single and repeated anesthesia. No sex differences in heart rate, oxygen saturation or respira-
tory rate were found.
Recovery period
Within the period of 20 min after the last anesthesia, repeated anesthesia significantly reduced
the number of grooming episodes (U (13, 13) = 26.000, p = 0.030) and the duration of activity
(t (19.907) = 2.116, p = 0.047) versus a single anesthesia in female mice (Table 4). By contrast,
Table 3. Vital parameters.
Group Heart rate (bpm) Oxygen saturation (%) Respiratory rate (brpm)
Single anesthesia ♀ (n = 9) 489.67 ± 31.65 98.51 ± 0.19 97.5 ± 15.12
Repeated anesthesia ♀ (n = 13) 530.27 ± 36.83* 98.46 ± 0.21 105.08 ± 11.90
Single anesthesia♂ (n = 10) 483.08 ± 32.24 98.49 ± 0.30 91.38 ± 15.93
Repeated anesthesia♂ (n = 13) 549.06 ± 50.52** 98.5 ± 0.25 98.37 ± 12.34
Data are given as mean ± standard deviation. bpm, beats per min; brpm, breaths per min. p values were calculated using unpaired Student t-test
* p < 0.05
** p < 0.01 versus single anesthesia. Due to malfunction of the pulse oximeter, 4 female mice and 3 male mice of the single anesthesia group had to be
excluded from statistics.
https://doi.org/10.1371/journal.pone.0179588.t003
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Data are given as mean ± standard deviation. Recovery period was defined as the time from first forward movement until 20 min after the last anesthesia.
Due to a malfunction of the camera, 4 female mice and 3 male mice of the single anesthesia group had to be excluded from the statistics. p values were
calculated using Mann-Whitney-U-Test1 or unpaired Student t-test2.
* p < 0.05
** p < 0.01
**** p < 0.001 versus a single anesthesia.
https://doi.org/10.1371/journal.pone.0179588.t004
Repeated isoflurane anesthesia in mice and distress
PLOS ONE | https://doi.org/10.1371/journal.pone.0179588 June 15, 2017 9 / 21
in male mice, repeated anesthesia increased the duration of food intake (t (21) = –5.435, p<
0.001) and decreased the duration of activity (t (21) = 3.726, p = 0.001) versus a single anesthesia
(Table 4). Repeated anesthesia decreased the latency to the first food intake after the last anes-
thesia versus a single anesthesia in female mice (U (13, 13) = 31.500, p = 0.005) and male mice
(U (13, 13) = 17.000, p< 0.001) (Table 4). Male and female mice did not significantly differ.
MGS
30 min after last anesthesia, in female mice, both single (z = 3.467, p = 0.002) and repeated
anesthesia (z = 3.019, p = 0.008) caused significantly higher MGS difference scores versus
control (Fig 2A). At the following observation time point, 150 min after last anesthesia, the
MGS difference scores no longer differed between female groups (Chi2 = 0.967, p = 0.617).
No significant differences between male groups were observed either 30 min (Chi2 = 5.216,
p = 0.074) or 150 min (Chi2 = 0.964, p = 0.618) after the last anesthesia (Fig 2B). No sex differ-
ences were found.
Luxury behaviors
Burrowing behavior. The weight of removed food pellets from the burrow relative to ini-
tial weight [%] was calculated. In female (z = –2.507, p = 0.036; Fig 3A) and male (z = –2.604,
p = 0.028; Fig 3B) mice, repeated anesthesia significantly reduced the percentage of weight of
removed food pellets versus control. Sex differences were found for repeated anesthesia, when
female mice removed significantly less food pellets from the burrow than male mice (U (13,
13) = 151.000, p< 0.001).
Nest building behavior. Kruskal-Wallis-Analysis did not reveal any significant differ-
ences in the nest scores between female groups (values are mean ± standard deviation; control:
3.75 ± 1.47; single anesthesia: 4.58 ± 0.57; repeated anesthesia: 4.04 ± 1.09; Chi2 = 2.857,
p = 0.240) and male groups (control: 4.36 ± 1.11; single anesthesia: 4.00 ± 0.91; repeated anes-
thesia: 4.27 ± 0.53; Chi2 = 2.076, p = 0.354), respectively. No sex differences were detected.
Home cage activity
One day after the last anesthesia, the AUC [impulses2/(10 min)2] neither significantly differed
between female groups (values are mean ± standard deviation; single anesthesia: 7.4 ± 4.1 M;
Fig 2. Mouse Grimace Scale difference scores at 30 min and 150 min after last anesthesia. MGS, Mouse Grimace Scale.
Data are mean ± standard error. p values were calculated using Kruskal-Wallis-Test: ** p < 0.01. (A) Control ♀: n = 6, single
anesthesia ♀: n = 9, repeated anesthesia ♀: n = 13; 4 mice of the single anesthesia group were excluded from statistics because of
technical malfunction of the camera. (B) Control♂: n = 6, single anesthesia♂: n = 10, repeated anesthesia♂: n = 13; 3 mice of the
single anesthesia group and 1 control mouse were excluded from statistics because of technical malfunction of the camera.
https://doi.org/10.1371/journal.pone.0179588.g002
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repeated anesthesia: 7. 4 ± 3. 8 M; control: 8. 8 ± 2.7 M; Chi2 = 1.396, p = 0.498, Kruskal-Wal-
lis-Test) nor between male groups (single anesthesia: 6.8 M ± 2.6 M; repeated anesthesia:
4.8 ± 1.9 M; control: 5.5 ± 1.8 M; Chi2 = 5.230, p = 0.073, Kruskal-Wallis-Test). The Mann-
Whitney-U-Test revealed that control female mice moved significantly more than control
male mice (U (6, 7) = 6.000, p = 0.035, Mann-Whitney-U-Test).
Free exploratory paradigm
Within the test period of 10 min, all mice explored the cage top. Kruskal-Wallis-Analysis
revealed that, in female mice, repeated anesthesia significantly increased the latency to explore
the cage top on the first day after anesthesia in comparison to control (z = 2.956, p = 0.009)
and single anesthesia (z = –3.535, p = 0.001) (Fig 4A). 8 days after the last anesthesia, the
latency to explore did no longer differ between female groups (Chi2 = 0.652, p = 0.722).
In male mice, the Kruskal-Wallis-Test revealed no significant differences in the latency to
explore neither at 1 day (Chi2 = 2.525, p = 0.283) nor at 8 days (Chi2 = 3.404, p = 0.182) after
last the anesthesia (Fig 4B).
Sex differences were found in the latency to explore. 1 day after the last anesthesia, in female
control mice, the latency to explore was significantly shorter than in male control mice (U (6,
7) = 38.000, p = 0.014, Mann–Whitney-U-Test). 8 days after the last anesthesia, female mice
given single anesthesia explored the gridded cage top significantly earlier than their male coun-
terparts (U (13, 13) = 130.000, p = 0.019, Mann-Whitney-U-Test).
Rotarod test
2 days after the last anesthesia, there were no differences in the rotarod performance in female
groups (latency to fall given as mean ± standard deviation [s]; control: 285.17 ± 23.034; single
anesthesia: 271.62 ± 60.98; repeated anesthesia: 297.17 ± 9.82; Chi2 = 3.227, p = 0.199, Kruskal-
Wallis-Test) or male groups (control: 242.43 ± 86.32; single anesthesia: 250.92 ± 54.19; re-
peated anesthesia: 213.08 ± 101.74; Chi2 = 0.878, p = 0.645, Kruskal-Wallis-Test).
Fig 3. Burrowing behavior in the immediate postanesthetic period. Data are means ± standard error. p values were calculated using Kruskal-
Wallis-Test: * p < 0.05. (A) Control ♀: n = 6, single anesthesia ♀: n = 9, repeated anesthesia ♀: n = 13; 4 mice of the single anesthesia group were
excluded from statistics because of technical malfunctions of the scale. (B) Control♂: n = 6, single anesthesia♂: n = 10, repeated anesthesia♂:
n = 13; 3 mice of the single anesthesia group and 1 control mouse were excluded from statistics because of technical malfunction of the scale.
https://doi.org/10.1371/journal.pone.0179588.g003
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The Mann-Whitney-U-Test revealed sex differences in mice with repeated anesthesia: the
latency to fall was significantly higher in male mice (U (13, 13) = 29.000, p = 0.007).
Food intake and body weight
Food intake. One day after the last anesthesia, female mice given repeated anesthesia con-
sumed significantly less food than female mice given single anesthesia (F (2, 29) = 3.457,
p = 0.047) (Table 5). 8 days after the last anesthesia, female mice given repeated anesthesia con-
sumed significantly more food than female controls (F (2, 29) = 9,965, p = 0.012) and female
mice with a single anesthesia (F (2, 29) = 9,965, p = 0.001). In male mice, no significant differ-
ences in food intake between the groups were found at day 1 (F (2, 30) = 0.238, p = 0.79) and
day 8 (F (2, 30) = 1.593, p = 0.22) after the last anesthesia.
Fig 4. Latency to explore in the free exploratory paradigm for trait anxiety-related and exploratory behavior. Latency to
explore [s]; data are means ± standard error; p values were calculated using the Kruskal-Wallis-Test: ** p < 0.01 versus repeated
anesthesia. (A) Control ♀: n = 6, single anesthesia ♀: n = 13, repeated anesthesia ♀: n = 13. (B) Control ♂: n = 7, single anesthesia
♂: n = 13, repeated anesthesia♂: n = 13.
https://doi.org/10.1371/journal.pone.0179588.g004
Table 5. Food intake.
Group Food Intake
[g/g body weight]
1 day after last anesthesia 8 days after last anesthesia
Control ♀ (n = 6) 0.22 ± 0.03 0.21 ± 0.02
Single anesthesia ♀ (n = 13) 0.23 ± 0.05## 0.2 ± 0.03
Repeated anesthesia ♀ (n = 13) 0.18 ± 0.06* 0.26 ± 0.04**, +, ###
Control♂ (n = 7) 0.18 ± 0.06 0.19 ± 0.02
Single anesthesia♂ (n = 13) 0.18 ± 0.03 0.21 ± 0.03
Repeated anesthesia♂ (n = 13) 0.19 ± 0.03 0.20 ± 0.03
Data are given as mean ± standard deviation. p values were calculated using ONEWAY ANOVA (post hoc Tukey-HSD)
* p < 0.05
** p < 0.01 versus single anesthesia
+ p < 0.05; versus control. p values were calculated using Student t-Test
## p < 0.01
### p < 0.001 versus ♂.
https://doi.org/10.1371/journal.pone.0179588.t005
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Sex differences existed in food intake at 1 day after the last anesthesia, when male mice
given a single anesthesia consumed significantly less food (t (19.449) = 3.224, p = 0.004) than
female mice given a single anesthesia; 8 days after the last anesthesia, male mice given repeated
anesthesia ingested significantly less food (t (24) = 4.518, p< 0.001) than female mice given
repeated anesthesia.
Body weight. The body weight was analyzed by performing repeated measures ANOVA
with group as between-subject factor. Tests of within-subject comparison indicated that the
group (females: F = 0.841, p = 0.538; males: F = 1.134, p = 0.35) had no effect on the course of
body weight, but there was a significant time effect in female mice (females: F = 7.863, p<
0.001; males: F = 1.879, p = 0.153) (Fig 5). Pairwise comparisons revealed that the body weight
of female mice was significantly higher at day 14 compared to day 0 (p = 0.013), 2 (p< 0.001),
and 9 (p = 0.004) after the last anesthesia, and higher at day 9 compared to day 2 (p = 0.013)
after the last anesthesia.
Corticosterone
The percentage change of both FCM (female groups: Chi2 = 4.261, p = 0.119; male groups:
Chi2 = 2.119, p = 0.347; Kruskal-Wallis-Test) and hair corticosterone (female groups: Chi2 =
2.228, p = 0.328; male groups: Chi2 = 0.689, p = 0.709; Kruskal-Wallis-Test) did not significantly
differ in female and male groups, respectively (Table 6). No sex differences were observed.
Fig 5. Course of body weight. Data are means ± standard error. (A) Control ♀: n = 6, single anesthesia ♀:
n = 13, repeated anesthesia ♀: n = 13. (B) Control♂: n = 7, single anesthesia♂: n = 13, repeated anesthesia
♂: n = 13. p values were calculated using repeated measures ANOVA with group as between-subject factor: *
p < 0.05, ** p < 0.01, *** p < 0.001 versus 14 days after the last anesthesia; # p < 0.05 versus 9 days after the
last anesthesia.
https://doi.org/10.1371/journal.pone.0179588.g005
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Discussion
Within the scope of refinement, the goal of this study was to compare the effects of repeated
with single isoflurane anesthesia on the well-being of adult C57BL/6JRj mice, in order to assess
the severity of repeated isoflurane anesthesia. Well-being and distress were assessed by a
behavioral test battery, the measurement of body weight, and non-invasive analysis of stress
hormones in feces and fur. The behavioral test battery included a broad range of parameters,
i.e. luxury behavior, the MGS, food intake, anxiety-related behavior, and motor activity. More-
over, the process of anesthesia was monitored, e.g. phases of anesthesia, motor effects, and
vital parameters.
The main findings of the present study are that, depending on the sex, repeated isoflurane
anesthesia caused short-term effects in a test of anxiety-related behavior, on the MGS, on bur-
rowing behavior, and, with some caution, on food intake. Effects in the free exploratory para-
digm were clear since mice with repeated anesthesia showed significantly higher anxiety-
related behavior versus mice with single anesthesia and controls. The MGS indicated a differ-
ence between both repeated and single anesthesia versus control, though, no difference
between single and repeated anesthesia. Effects on food intake were only seen between single
and repeated anesthesia, but not in comparison to control. Burrowing behavior following
repeated anesthesia was only decreased in comparison to control, but not when compared to
single anesthesia. Interestingly, repeated anesthesia also causes an increase in excitations dur-
ing induction compared to single anesthesia. Overall, our findings suggest that repeated iso-
flurane anesthesia had a slightly stronger impact on the stress level and the well-being of mice,
especially of female mice, than single isoflurane anesthesia. Well-being seemed to be stabilized
at day 8 after the last anesthesia, at the latest, indicated by the free exploratory paradigm.
In the free exploratory paradigm, all mice, independently from the group, explored the cage
top. However, the latency to explore was higher in females, but not in males following repeated
isoflurane anesthesia, suggesting a higher anxiety level. Our results are supported by observa-
tions of higher anxiety levels in female C57BL/6 mice in the elevated plus maze, a test for state
anxiety [32]. A reason for the sex dependent effect may lie in the higher hypothalamic-pitui-
tary-adrenal (HPA) axis activity and corticosterone release found in female rodents at baseline
[33], in response to stress insults [34] and isoflurane exposure [35] compared to male rodents.
Stress activates the HPA axis and increases glucocorticoid secretion. Glucocorticoids in turn
activate retrograde endocannabinoid signaling to GABAergic (type A γ-aminobutyric acid)
neurons and, hence, suppress synaptic inhibition [36, 37]. This mechanism increases excitabil-
ity of neurons in the basolateral nucleus of the amygdala (BLA), which are implicated in anxi-
ety-related behavior [37]. However, according to Long II et al., the GABAergic activity is
increased in the BLA of rats after repeated isoflurane anesthesia, which is not compatible with
elevated anxiety-related behavior [38].
Table 6. Fecal corticosterone metabolites (FCM) and hair corticosterone.
Group FCM [%] Hair corticosterone [%]
Control ♀ (n = 6) 82.38 ± 31.36 73.43 ± 14.89
Single anesthesia ♀ (n = 13) 115.54 ± 36.18 81.43 ± 29.75
Repeated anesthesia ♀ (n = 13) 102.3 ± 50.14 91.34 ± 29.72
Control♂ (n = 7) 100.8 ± 20.80 96.25 ± 24.32
Single anesthesia♂ (n = 13) 117.97 ± 25.97 101.5 ± 50.50
Repeated anesthesia♂ (n = 13) 151.11 ± 89.31 89.5 ± 23.91
Data are given as mean ± standard deviation. The percentage change relative to baseline value was calculated. FCM, fecal corticosterone metabolites.
https://doi.org/10.1371/journal.pone.0179588.t006
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Besides glucocorticoids, sexual hormones can also be responsible for the higher anxiety
level in females. Both sexual hormones and stress hormones influence the 5-HT1A receptor,
which plays an important role in modulating anxiety-related behavior [39] and coping with
stressful situations [40]. Pieces of evidence suggest that isoflurane influences the functional
state of the 5-HT1A receptor in male marmosets [41] and hippocampal 5-HT1A receptor
binding in male rats at high concentrations [42]. The 5-HT1A receptor underlies sex differ-
ences with higher 5-HT1A receptor binding in female compared to male mice in particular
brain regions (basolateral amygdala, claustrum, median raphe nucleus) [43]. In rats, estradiol
suppresses 5-HT1A receptor signaling [44] and corticosterone decreases 5-HT1A mRNA in
the dentate gyrus [45]. Accordingly, we hypothesized that isoflurane exposure might result in
different changes of 5-HT1A receptor binding in females due to the higher estradiol and corti-
costerone levels, which may explain the higher anxiety levels found in female mice of our
study. Moreover, in males, isoflurane inhibits 5-HT uptake in a noncompetitive manner [42],
decreases extracellular 5-HT in the mouse hippocampus [46] and decreases 5-HT release in
the rat frontal cortex [47]. Since Rex et al. demonstrated a relationship between anxiety-related
behavior and 5-HT release in the ventral hippocampus [48], it would be of particular interest
to compare the effects of isoflurane on the brain 5-HT levels in females and males.
We applied the MGS at 30 min and 150 min after the last anesthesia, which allows us to ana-
lyze the sole impact of anesthesia and not the pharmacological effects of isoflurane. This is
based on the knowledge that only 0.2% of isoflurane is metabolized. Isoflurane is eliminated
from the brain of rabbits according to the pharmacokinetic two-compartment model with
half-lives of 26 min and 174 min [49]. Since the metabolism is faster in mice than rabbits, we
assumed that at 30 min and 150 min after anesthesia, most of the inhaled isoflurane was already
eliminated from the body so that any pharmacological effects of isoflurane on the behavior of
mice and the MGS could be excluded. Both single and repeated isoflurane anesthesia caused a
short-term mild increase of the MGS difference scores in the immediate postanesthetic period
indicating that repeated anesthesia did not augment the effect of a single application. However,
this effect was statistically significant in female mice only, which indicated, that especially the
well-being of female C57BL/6JRj mice seemed to be affected by the exposure to isoflurane. Our
findings are in line with Miller and Leach revealing that, 30 min after a single isoflurane anes-
thesia of 10 min, the MGS is increased in CBA mice [50]. There is only little data available inves-
tigating the impact of repeated anesthesia on the Grimace Scale. A recent study by Miller et al.
[51] shows that in male rats, the Grimace Scale scores recorded after anesthesia are increased
when the rats are repeatedly anesthetized with isoflurane (12 min over a 4-day period). Our
study is the first to show a comparable effect in mice. We could demonstrate that 150 min after
a single or the last anesthesia, at the latest, the MGS difference scores return to control level.
The increase of MGS scores may be due to the noxious stimulus of isoflurane. Its smell is
described as pungent [52] and the inhalation of 2.3% isoflurane evokes coughing, burning, irri-
tation, and other discomfort in humans [53]. Similar responses can be expected in mice. It is
possible that nociceptive ion channels, transient receptor potential ankirin 1 (TRPA1) and
vanilloid 1 (TRPV1), which are activated by isoflurane, enhance the noxious stimulus of iso-
flurane and potentiate neurogenic inflammation and pain [54]. The sexual dimorphism found
in the MGS with significant higher scores in females, but not in males after both single and
repeated isoflurane anesthesia versus control may be explained by sex differences in pain noci-
ception as demonstrated by Sorge et al [55]. Overall, the results of the MGS indicate that both
single and repeated isoflurane anesthesia impaired well-being, especially, of female C57BL/
6JRj mice in the immediate postanesthetic period. We suggest that the impact on well-being
can be rated as mild since the MGS difference scores after anesthesia remained < 1 and no sig-
nificant differences between a single and repeated isoflurane anesthesia were found.
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The display of luxury behavior like burrowing and nest building behavior serves as an indi-
cator of well-being in mice [23]. In our study, repeated isoflurane anesthesia reduced burrow-
ing behavior versus controls in mice of both sexes, which was more pronounced in females.
However, because of the lack of a significant difference between single and repeated anesthesia,
this effect was only weak. Accordingly, repeated anesthesia slightly negatively affected well-
being in mice of both sexes during the immediate postanesthetic period. This observation is in
line with the work of Jirkof et al. with sevoflurane [24]. However, in contrast to Jirkof et al.
[56], who described a reduction of nest building behavior following a short mono-anesthesia
with sevoflurane, nest building behavior was not affected in our study. One reason for the dis-
crepancy could be that Jirkof et al. applied a different nest complexity scoring as they carried
out the scoring already 9 hours after anesthesia, i.e. at the end of the light period. We decided
to score the nests not before 14 hours after the last anesthesia, i.e. in the morning of the follow-
ing day after the dark period, according to the protocol by Deacon [25]. Therefore, we believe
that mice had more time to build complex nests, since high nest scores are achieved especially
at the end of the dark phase [56].
Food intake and body weight are useful as non-invasive parameters to assess postoperative
distress, well-being as well as appetite in mice. Although mice do not vomit, they can suffer
from postoperative nausea, which was proven to be triggered by sevoflurane in mice [57].
Whereas neither single nor repeated anesthesia had a significant effect on the course of body
weight in mice of both sexes, female mice showed a marginally decreased food intake 1 day
after the last repeated anesthesia, but 8 days afterwards a slightly increased feeding behavior,
maybe as some kind of compensation mechanism. This is underlined by the fact that female
mice did not significantly lose, but put on weight over time. In accordance to our results,
Jacobsen et al. found no change in body weight but, across days, a significant change in food
intake of mice that underwent isoflurane anesthesia with or without vasectomy [58]. Hence,
analysis of food intake and body weight indicated no impairment of the well-being of male
mice, but short-term mild impairment of the well-being of female mice. Differences in food
intake between mice with a single anesthesia and mice with repeated anesthesia are result of
slightly different effects compared to control.
Both single and repeated isoflurane anesthesia did not increase hair corticosterone levels,
independent from sex. Hair corticosterone was described as a retrospective biomarker to reli-
ably reflect long-term HPA axis activity in humans [59], but also in rodents [60]. Whereas our
anesthesia protocol did not elevate hair corticosterone levels, other studies have proven the
association of a stress insult and an increase in hair corticosterone concentration in mice, e.g.
social defeat [61] and social instability [62]. Taking the effects of these stress insults on hair
corticosterone into account, our anesthesia protocol did not seem to cause chronic stress.
Similar to hair corticosterone, neither single nor repeated isoflurane anesthesia elevated
FCM in both female and male mice. The same method of FCM analysis has been previously
utilized in mice and a correlation between an increase in FCM levels and various stressors was
found (e.g. train-induced vibrations [63], oral gavage [64], and blood sampling [65]). The peak
of the fecal corticosterone metabolite level is reached 8–10 h after a stressor depending on the
intestinal transit time from duodenum to rectum, which is influenced by the activity of the
mice [29]. Since neither single nor repeated isoflurane anesthesia decreased the home cage
activity during the dark period following the last anesthesia, we assumed that the peak was not
delayed. In order to prevent any influence of the expressed circadian rhythm on the excretion
of FCM [30], samples were collected over a period of 24 h, i.e. all dry fecal pellets were col-
lected. Overall, especially our FCM results, but also the lack of an increase in hair corticoste-
rone levels indicate that our anesthesia protocols did not cause an expressed HPA axis
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response in the 24-hour postanesthetic period and later on. However, for future studies, it
would be of interest to analyze the momentary stress by blood sampling.
The analysis of the anesthesia phases revealed that repeated anesthesia prolonged the dura-
tion of induction in mice of both sexes and increased excitations. Li et al. [66] reported that
isoflurane caused airway irritation and neurogenic constriction by the activation TRPA1 chan-
nels, which impaired respiratory function and prolonged the duration of induction. The acti-
vation of TRPA1 channels may have been enhanced by repeated isoflurane anesthesia with
prolongation of induction. However, future studies are necessary to clarify this hypothesis. In
mice of both sexes, repeated isoflurane anesthesia increased the heart rate. This may be
explained by the observation that repeated exposure to isoflurane is more aversive than initial
exposure, which might have led to an elevated arousal in mice [7] and, subsequently, an
increase in heart rate. The increase in heart rate and duration of induction may indicate that
mice developed a reduced sensitivity to isoflurane due to re-exposure, which was already
reported for other volatile anesthetics [67]. Since prolonged exposure to both isoflurane or
diazepam reduces sensitivity to isoflurane due to the cross-sensitivity [68], both agents are sug-
gested to act via the GABAA receptor, the major inhibitory neurotransmitter receptors [69].
Therefore, the GABAA receptor may play a central role in the development of a reduced sensi-
tivity to isoflurane. Further investigation is needed regarding the subunit involved, e.g. via
knock-in/knock-out mice [70].
The behavioral test battery was feasible for the assessment of well-being in the postanes-
thetic period, although the analysis of stress hormones in feces and fur seemed to be unsuitable
for measuring postanesthetic stress. With the objective of refinement, we assume that our
behavioral test battery will also be useful to investigate the influence of other procedures per-
formed in animal experimentation.
Conclusion
Repeated isoflurane anesthesia caused short-term mild distress and reduced well-being mainly
in the immediate postanesthetic period. Regarding our anesthesia protocol, repeated isoflurane
anesthesia in C57BL/6JRj mice can be classified as mild. However, sex differences have to be
taken into account, as the well-being of female mice seems to be more affected by isoflurane
anesthesia.
Within the mild severity category, depending on the sex, repeated isoflurane anesthesia
ranks higher than single isoflurane anesthesia. The findings of the present study should be
known, when the overall severity level of an animal experiment is estimated by adding the
severity levels of all procedures being performed in the course of an experiment, which
includes repeated isoflurane anesthesia.
Acknowledgments
We thank Sabine Jacobs for assisting with the sample collection, Edith Klobetz-Rassam for
analysis of FCM, PD Dr. med. vet. habil. Roswitha Merle for assisting with statistical analysis,
and Wiebke Gentner for proofreading the manuscript.
Author Contributions
Conceptualization: KH BB SD RP HF CTR.
Formal analysis: KH BB SD CTR.
Investigation: KH.
Repeated isoflurane anesthesia in mice and distress
PLOS ONE | https://doi.org/10.1371/journal.pone.0179588 June 15, 2017 17 / 21
Resources: RP.
Supervision: BB HF CTR.
Writing – original draft: KH BB CTR.
Writing – review & editing: KH BB SD RP HF CTR.
References
1. Richardson CA, Flecknell PA. Anaesthesia and post-operative analgesia following experimental sur-
gery in laboratory rodents: are we making progress? ATLA. 2005; 33:119–27. PMID: 16180987
2. Stokes EL, Flecknell PA, Richardson CA. Reported analgesic and anaesthetic administration to rodents
undergoing experimental surgical procedures. Lab Anim. 2009; 43:149–54. https://doi.org/10.1258/la.
2008.008020 PMID: 19116297
3. Flecknell P. Laboratory Animal Anaesthesia 4th ed. Oxford: Academic Press; 2016.
4. Ding F, Zheng L, Liu M, Chen R, Leung LS, Luo T. Ciproxifan, an H3 receptor antagonist, improves
short-term recognition memory impaired by isoflurane anesthesia. J Anesth. 2016; 30:684–90. https://
doi.org/10.1007/s00540-016-2189-y PMID: 27193325
5. Yonezaki K, Uchimoto K, Miyazaki T, Asakura A, Kobayashi A, Takase K, et al. Postanesthetic effects
of isoflurane on behavioral phenotypes of adult male C57BL/6J mice. PloS One. 2015; 10(3):e0122118.
https://doi.org/10.1371/journal.pone.0122118 PMID: 25806517
6. Flecknell PA, Roughan JV, Hedenqvist P. Induction of anaesthesia with sevoflurane and isoflurane in
the rabbit. Lab Anim. 1999; 33:41–6. https://doi.org/10.1258/002367799780578516 PMID: 10759391
7. Moody CM, Weary DM. Mouse aversion to isoflurane versus carbon dioxide gas. Appl Anim Behav Sci.
2014; 158:95–101.
8. Kikuchi T, Tan H, Mihara T, Uchimoto K, Mitsushima D, Takase K, et al. Effects of volatile anesthetics
on the circadian rhythms of rat hippocampal acetylcholine release and locomotor activity. Neurosci-
ence. 2013; 237:151–60. https://doi.org/10.1016/j.neuroscience.2013.01.062 PMID: 23396087
9. Gargiulo S, Greco A, Gramanzini M, Esposito S, Affuso A, Brunetti A, et al. Mice anesthesia, analgesia,
and care, Part I: anesthetic considerations in preclinical research. ILAR J. 2012; 53:E55–69. https://doi.
org/10.1093/ilar.53.1.55 PMID: 23382271
10. Tremoleda JL, Kerton A, Gsell W. Anaesthesia and physiological monitoring during in vivo imaging of
laboratory rodents: considerations on experimental outcomes and animal welfare. EJNMMI Res. 2012;
2:44. https://doi.org/10.1186/2191-219X-2-44 PMID: 22877315
11. Hildebrandt IJ, Su H, Weber WA. Anesthesia and other considerations for in vivo imaging of small ani-
mals. ILAR J. 2008; 49:17–26. PMID: 18172330
12. 2010 EU. Directive 2010/63/EU. Official Journal of the European Union. 2010;L276/33-L276/29.
13. Russel W, Burch R. The principles of humane experimental techniqiue. London: Methuen; 1959.
14. Bryant CD, Zhang NN, Sokoloff G, Fanselow MS, Ennes HS, Palmer AA, et al. Behavioral differences
among C57BL/6 substrains: implications for transgenic and knockout studies. J Neurogenet. 2008;
22:315–31. https://doi.org/10.1080/01677060802357388 PMID: 19085272
15. Albrecht M, Henke J, Tacke S, Markert M, Guth B. Influence of repeated anaesthesia on physiological
parameters in male Wistar rats: a telemetric study about isoflurane, ketamine-xylazine and a combina-
tion of medetomidine, midazolam and fentanyl. BMC Vet Res. 2014; 10:963.
16. Albrecht M, Henke J, Tacke S, Markert M, Guth B. Effects of isoflurane, ketamine-xylazine and a combi-
nation of medetomidine, midazolam and fentanyl on physiological variables continuously measured by
telemetry in Wistar rats. BMC Vet Res. 2014; 10:198. https://doi.org/10.1186/s12917-014-0198-3
PMID: 25149627
17. Altholtz LY, Fowler KA, Badura LL, Kovacs MS. Comparison of the stress response in rats to repeated
isoflurane or CO2:O2 anesthesia used for restraint during serial blood collection via the jugular vein. J
Am Assoc Lab Anim Sci. 2006; 45:17–22.
18. Sorge RE, Martin LJ, Isbester KA, Sotocinal SG, Rosen S, Tuttle AH, et al. Olfactory exposure to
males, including men, causes stress and related analgesia in rodents. Nat Methods. 2014; 11:629–32.
https://doi.org/10.1038/nmeth.2935 PMID: 24776635
19. Hurst JL, West RS. Taming anxiety in laboratory mice. Nat Methods. 2010; 7:825–6. https://doi.org/10.
1038/nmeth.1500 PMID: 20835246
Repeated isoflurane anesthesia in mice and distress
PLOS ONE | https://doi.org/10.1371/journal.pone.0179588 June 15, 2017 18 / 21
20. Kalueff AV, Tuohimaa P. Grooming analysis algorithm for neurobehavioural stress research. Brain Res
Brain Res Protoc. 2004; 13:151–8. https://doi.org/10.1016/j.brainresprot.2004.04.002 PMID: 15296852
21. Langford DJ, Bailey AL, Chanda ML, Clarke SE, Drummond TE, Echols S, et al. Coding of facial expres-
sions of pain in the laboratory mouse. Nature methods. 2010; 7:447–9. https://doi.org/10.1038/nmeth.
1455 PMID: 20453868
22. Finlayson K, Lampe JF, Hintze S, Wurbel H, Melotti L. Facial indicators of positive emotions in rats.
PloS One. 2016; 11:e0166446. https://doi.org/10.1371/journal.pone.0166446 PMID: 27902721
23. Jirkof P. Burrowing and nest building behavior as indicators of well-being in mice. J Neurosci Methods.
2014; 234:139–46. https://doi.org/10.1016/j.jneumeth.2014.02.001 PMID: 24525328
24. Jirkof P, Cesarovic N, Rettich A, Nicholls F, Seifert B, Arras M. Burrowing behavior as an indicator of
post-laparotomy pain in mice. Front Behav Neurosci. 2010; 4:165. https://doi.org/10.3389/fnbeh.2010.
00165 PMID: 21031028
25. Deacon RM. Assessing nest building in mice. Nat Protoc. 2006; 1:1117–9. https://doi.org/10.1038/
nprot.2006.170 PMID: 17406392
26. Bert B, Schmidt N, Voigt JP, Fink H, Rex A. Evaluation of cage leaving behaviour in rats as a free choice
paradigm. J Pharmacol Toxicol Methods. 2013; 68:240–9. https://doi.org/10.1016/j.vascn.2013.01.001
PMID: 23313807
27. Paylor R, Spencer CM, Yuva-Paylor LA, Pieke-Dahl S. The use of behavioral test batteries, II: effect of
test interval. Physiol Behav. 2006; 87:95–102. https://doi.org/10.1016/j.physbeh.2005.09.002 PMID:
16197969
28. Palme R, Touma C, Arias N, Dominchin MF, Lepschy M. Steroid extraction: get the best out of faecal
samples. Wien Tierarz Monats. 2013; 100:238–46.
29. Touma C, Sachser N, Mostl E, Palme R. Effects of sex and time of day on metabolism and excretion of
corticosterone in urine and feces of mice. Gen Comp Endocrinol. 2003; 130:267–78. PMID: 12606269
30. Touma C, Palme R, Sachser N. Analyzing corticosterone metabolites in fecal samples of mice: a nonin-
vasive technique to monitor stress hormones. Horm Behav. 2004; 45:10–22. PMID: 14733887
31. Gao W, Stalder T, Foley P, Rauh M, Deng H, Kirschbaum C. Quantitative analysis of steroid hormones
in human hair using a column-switching LC-APCI-MS/MS assay. J Chromatogr B Analyt Technol
Biomed Life Sci. 2013; 928:1–8. https://doi.org/10.1016/j.jchromb.2013.03.008 PMID: 23584040
32. An XL, Zou JX, Wu RY, Yang Y, Tai FD, Zeng SY, et al. Strain and sex differences in anxiety-like and
social behaviors in C57BL/6J and BALB/cJ mice. Exp Anim. 2011; 60:111–23. PMID: 21512266
33. Grad B, Khalid R. Circulating corticosterone levels of young and old, male and female C57B1/6J mice. J
Gerontol. 1968; 23:522–8. PMID: 5723490
34. Cozzoli DK, Tanchuck-Nipper MA, Kaufman MN, Horowitz CB, Finn DA. Environmental stressors influ-
ence limited-access ethanol consumption by C57BL/6J mice in a sex-dependent manner. Alcohol.
2014; 48:741–54. https://doi.org/10.1016/j.alcohol.2014.07.015 PMID: 25459519
35. Bekhbat M, Merrill L, Kelly SD, Lee VK, Neigh GN. Brief anesthesia by isoflurane alters plasma cortico-
sterone levels distinctly in male and female rats: Implications for tissue collection methods. Behav Brain
Res. 2016; 305:122–5. https://doi.org/10.1016/j.bbr.2016.03.003 PMID: 26946276
36. Di S, Malcher-Lopes R, Halmos KC, Tasker JG. Nongenomic glucocorticoid inhibition via endocannabi-
noid release in the hypothalamus: a fast feedback mechanism. J Neurosci. 2003; 23:4850–7. PMID:
12832507
37. Solomonow J, Tasker J. Anxiety behavior induced in mice by acute stress. Tulane Undergraduate
Research Journal. 2015; 2:14–9.
38. Long RP II, Aroniadou-Anderjaska V, Prager EM, Pidoplichko VI, Figueiredo TH, Braga MF. Repeated
isoflurane exposures impair long-term potentiation and increase basal GABAergic activity in the baso-
lateral amygdala. Neural Plast. 2016; 2016:8524560. https://doi.org/10.1155/2016/8524560 PMID:
27313904
39. Heisler LK, Chu HM, Brennan TJ, Danao JA, Bajwa P, Parsons LH, et al. Elevated anxiety and antide-
pressant-like responses in serotonin 5-HT1A receptor mutant mice. Proc Natl Acad Sci U S A. 1998;
95:15049–54. PMID: 9844013
40. Tsuji M, Takeda H, Matsumiya T. Different effects of 5-HT1A receptor agonists and benzodiazepine
anxiolytics on the emotional state of naive and stressed mice: a study using the hole-board test.
Psychopharmacology (Berl). 2000; 152:157–66.
41. Yokoyama C, Mawatari A, Kawasaki A, Takeda C, Onoe K, Doi H, et al. Marmoset serotonin 5-HT1A
receptor mapping with a biased agonist PET probe 18F-F13714: comparison with an antagonist tracer
18F-MPPF in awake and anesthetized states. Int J Neuropsychopharmacol. 2016; 19. https://doi.org/
10.1093/ijnp/pyw079 PMID: 27608810
Repeated isoflurane anesthesia in mice and distress
PLOS ONE | https://doi.org/10.1371/journal.pone.0179588 June 15, 2017 19 / 21
42. Martin DC, Adams RJ, Aronstam RS. The influence of isoflurane on the synaptic activity of 5-hydroxy-
tryptamine. Neurochem Res. 1990; 15:969–73. PMID: 2150219
43. Gu¨nther L, Rothe J, Rex A, Voigt J-P, Millan MJ, Fink H, et al. 5-HT1A-receptor over-expressing mice:
genotype and sex dependent responses to antidepressants in the forced swim-test. Neuropharmacol-
ogy. 2011; 61:433–41. https://doi.org/10.1016/j.neuropharm.2011.03.004 PMID: 21419787
44. Raap DK, DonCarlos LL, Garcia F, Zhang Y, Muma NA, Battaglia G, et al. Ovariectomy-induced
increases in hypothalamic serotonin-1A receptor function in rats are prevented by estradiol. Neuroendo-
crinology. 2002; 76:348–56. PMID: 12566942
45. Neumaier JF, Sexton TJ, Hamblin MW, Beck SG. Corticosteroids regulate 5-HT(1A) but not 5-HT(1B)
receptor mRNA in rat hippocampus. Brain Res Mol Brain Res. 2000; 82:65–73. PMID: 11042358
46. Whittington RA, Virag L. Isoflurane decreases extracellular serotonin in the mouse hippocampus.
Anesth Analg. 2006; 103:92–8. https://doi.org/10.1213/01.ane.0000221488.48352.61 PMID: 16790633
47. Mukaida K, Shichino T, Koyanagi S, Himukashi S, Fukuda K. Activity of the serotonergic system during
isoflurane anesthesia. Anesth Analg. 2007; 104:836–9. https://doi.org/10.1213/01.ane.0000255200.
42574.22 PMID: 17377090
48. Rex A, Voigt JP, Fink H. Anxiety but not arousal increases 5-hydroxytryptamine release in the rat ventral
hippocampus in vivo. Eur J Neurosci. 2005; 22:1185–9. https://doi.org/10.1111/j.1460-9568.2005.
04251.x PMID: 16176361
49. Wyrwicz AM, Conboy CB, Ryback KR, Nichols BG, Eisele P. In vivo 19F-NMR study of isoflurane elimi-
nation from brain. Biochim Biophys Acta. 1987; 927:86–91. PMID: 3790622
50. Miller A, Kitson G, Skalkoyannis B, Leach M. The effect of isoflurane anaesthesia and buprenorphine
on the mouse grimace scale and behaviour in CBA and DBA/2 mice. Appl Anim Behav Sci. 2015;
172:58–62. https://doi.org/10.1016/j.applanim.2015.08.038 PMID: 26937061
51. Miller AL, Golledge HD, Leach MC. The influence of isoflurane anaesthesia on the Rat Grimace Scale.
PloS One. 2016; 11:e0166652. https://doi.org/10.1371/journal.pone.0166652 PMID: 27855184
52. Schuettler J, Schwilden H. Handbook of experimental pharmacology. Berlin; Germany: Springer-Ver-
lag; 2008.
53. TerRiet MF, DeSouza GJ, Jacobs JS, Young D, Lewis MC, Herrington C, et al. Which is most pungent:
isoflurane, sevoflurane or desflurane? Br J Anaesth. 2000; 85:305–7. PMID: 10992843
54. Matta JA, Cornett PM, Miyares RL, Abe K, Sahibzada N, Ahern GP. General anesthetics activate a
nociceptive ion channel to enhance pain and inflammation. Proc Natl Acad Sci U S A. 2008; 105:8784–
9. https://doi.org/10.1073/pnas.0711038105 PMID: 18574153
55. Sorge RE, Mapplebeck JCS, Rosen S, Beggs S, Taves S, Alexander JK, et al. Different immune cells
mediate mechanical pain hypersensitivity in male and female mice. Nat Neurosci. 2015; 18:1081–3.
https://doi.org/10.1038/nn.4053 PMID: 26120961
56. Jirkof P, Fleischmann T, Cesarovic N, Rettich A, Vogel J, Arras M. Assessment of postsurgical distress
and pain in laboratory mice by nest complexity scoring. Lab Anim. 2013; 47:153–61. https://doi.org/10.
1177/0023677213475603 PMID: 23563122
57. Hayase T, Tachibana S, Yamakage M. Effect of sevoflurane anesthesia on the comprehensive mRNA
expression profile of the mouse hippocampus. Med Gas Res. 2016; 6:70–6. https://doi.org/10.4103/
2045-9912.184715 PMID: 27867470
58. Jacobsen KR, Kalliokoski O, Teilmann AC, Hau J, Abelson KS. Postsurgical food and water consump-
tion, fecal corticosterone metabolites, and behavior assessment as noninvasive measures of pain in
vasectomized BALB/c mice. J Am Assoc Lab Anim Sci. 2012; 51:69–75. PMID: 22330871
59. Thomson S, Koren G, Fraser LA, Rieder M, Friedman TC, Van Uum SH. Hair analysis provides a histor-
ical record of cortisol levels in Cushing’s syndrome. Exp Clin Endocrinol Diabetes. 2010; 118:133–8.
https://doi.org/10.1055/s-0029-1220771 PMID: 19609841
60. Scorrano F, Carrasco J, Pastor-Ciurana J, Belda X, Rami-Bastante A, Bacci ML, et al. Validation of the
long-term assessment of hypothalamic-pituitary-adrenal activity in rats using hair corticosterone as a
biomarker. FASEB J. 2015; 29:859–67. https://doi.org/10.1096/fj.14-254474 PMID: 25398766
61. Yu T, Xu H, Wang W, Li S, Chen Z, Deng H. Determination of endogenous corticosterone in rodent’s
blood, brain and hair with LC-APCI-MS/MS. J Chromatogr B Analyt Technol Biomed Life Sci. 2015;
1002:267–76. https://doi.org/10.1016/j.jchromb.2015.08.035 PMID: 26343018
62. Jarcho MR, Massner KJ, Eggert AR, Wichelt EL. Behavioral and physiological response to onset and
termination of social instability in female mice. Horm Behav. 2016; 78:135–40. https://doi.org/10.1016/j.
yhbeh.2015.11.004 PMID: 26597994
63. Atanasov NA, Sargent JL, Parmigiani JP, Palme R, Diggs HE. Characterization of train-induced vibra-
tion and its effect on fecal corticosterone metabolites in mice. J Am Assoc Lab Anim Sci. 2015; 54:737–
44. PMID: 26632783
Repeated isoflurane anesthesia in mice and distress
PLOS ONE | https://doi.org/10.1371/journal.pone.0179588 June 15, 2017 20 / 21
64. Walker MK, Boberg JR, Walsh MT, Wolf V, Trujillo A, Duke MS, et al. A less stressful alternative to oral
gavage for pharmacological and toxicological studies in mice. Toxicol Appl Pharmacol. 2012; 260:65–9.
https://doi.org/10.1016/j.taap.2012.01.025 PMID: 22326784
65. Voigt CC, Klockner P, Touma C, Neuschl C, Brockmann G, Goritz F, et al. Hormonal stress response of
laboratory mice to conventional and minimally invasive bleeding techniques. Anim Welf. 2013; 22:449–
55.
66. Li F, Guo CJ, Huang CC, Yu G, Brown SM, Xu S, et al. Transient receptor potential A1 activation pro-
longs isoflurane induction latency and impairs respiratory function in mice. Anesthesiology. 2015;
122:768–75. https://doi.org/10.1097/ALN.0000000000000607 PMID: 25646842
67. Kita M, Watanabe T, Suzuki T, Sato I, Hossain M, Kobayashi H. Effects of repeated administration of
inhaled anesthetics on anesthesia, brain acetylcholinesterase, muscarinic receptors and dopaminergic
receptors in mice. Adv Biomed Eng Res. 2013; 1:24–32.
68. Flaishon R, Halpern P, Sorkine P, Weinbroum A, Leschiner S, Szold O, et al. Cross-sensitivity between
isoflurane and diazepam: evidence from a bidirectional tolerance study in mice. Brain Res. 1999;
815:287–93. PMID: 9878789
69. Flaishon R, Weinbroum AA, Veenman L, Leschiner S, Rudick V, Gavish M. Flumazenil attenuates
development of tolerance to diazepam after chronic treatment of mice with either isoflurane or diaze-
pam. Anesth Analg. 2003; 97:1046–52. PMID: 14500155
70. Harrison NL. Knockin’ on the door of general anesthetic mechanisms: but will U.S. researchers be shut
out? Anesth Analg. 2003; 97:616–8. PMID: 12933370
Repeated isoflurane anesthesia in mice and distress
PLOS ONE | https://doi.org/10.1371/journal.pone.0179588 June 15, 2017 21 / 21
